Abstract-Knowledge of propagation media, typically gathered through physical experiments and simulations, is absolutely critical in successful transceiver design. In the case of medical implants, physical experiments are extremely difficult. Therefore, we rely on simulations in most studies. In this paper, Path Loss (PL) between implanted antennas, as a measure of propagation channel characteristics, is investigated using High Frequency Structure Simulator (HFSS) and Remcom's XFDTD 7 (XF7). An Electrically Coupled Loop Antenna (ECLA) is designed to study PL inside human body models at different frequency bands: Medical Implanted Communication Services (MICS) band (402-405 MHz), Industrial Scientific and Medical (ISM) band (2.4-2.5 GHz) and 3.5 GHz band (3.55-3.65 GHz). The ECLA has dimensions (5 × 5 × 3 mm 3 ), (3 × 3 × 3 mm 3 ) and (2 × 2 × 2 mm 3 ) at MICS, ISM and 3.5 GHz respectively. ECLA performance inside human body models is studied at the allowed frequency bands. The effects of frequency bands, human model electrical properties, and distance between implants on PL are considered. Simulation results are validated with experimental work. Our results show that the ECLA at MICS band has the lowest Specific Absorption Rate (SAR) and the highest allowed input power. Also, the MICS band has the lowest PL inside the human body model, shown to be less than 90 dB in the worst case scenario.
which plays an important role in the propagation channel, has been studied in [12] . In this work, intrabody propagation channel will be investigated for human body models using an Electrically Coupled Loop Antenna (ECLA) at the allowed frequency bands.
The paper will be organized as follows: In Section 2 ECLA structure will be described. ECLA performance inside different human body models at the allowed frequency bands will be investigated in Section 3. PL inside one-layer and three-layer models at the allowed frequency bands will be investigated in Section 4. Effects of the human body model on PL at MICS frequency band will be studied in Section 5. In Section 6, PL inside a simple model of the human body will be explored. Then, PL inside an exact human body model will be explained in Section 7. Experimental work and conclusions will be presented in Sections 8 and 9.
ECLA STRUCTURE
The ECLA is a magnetic field antenna introduced in [13] as a dual for electric field antennas, such as the Planar Inverted-F Antenna (PIFA) and patch antenna. This is because it has a relatively small near-zone electric field intensity, and as a result, small Specific Absorption Rate (SAR) inside the human body [14] . The ECLA consists of a high-impedance transmission line (distributed inductance) terminated to a short circuit at one end, and a distributed capacitance at the other end, forming an LC resonator. The distributed capacitance and feeding head are electrically coupled to the antenna as shown in Figure 1 . The resonant frequency of the antenna is controlled by the antenna dimensions (L, W , and h) and the distributed capacitance between the loop and ground plane (t s , W s , and L s ). The input impedance of the antenna can be scaled to match a wide range of impedances by varying the feeding head dimensions (L p , W p , and t p ). Also, an ECLA can be used as a tunable antenna by adding a variable lumped capacitor in parallel with the distributed capacitor.
ECLA PERFORMANCE AT THE ALLOWED FREQUENCY BANDS
Simple models for the human body as one-layer and three-layer models, shown in Figure 2 , are used to reduce the simulation time and problem complexity. After optimizing the antenna for each frequency range and computing primitive values for PL at different frequency ranges, the antenna will be simulated in a full human body model to compute the values for PL more accurately.
The performance of the ECLA inside one-layer and three-layer models are studied using High Frequency Structure Simulator (HFSS) at the allowed frequency bands. The ECLAs dimensions (L, h, W ) have a value of 5×5×3 mm 3 (ECLA 1), 3×3×3 mm 3 (ECLA 2) and 2×2×2 mm 3 (ECLA 3) at MICS, ISM and 3.5 GHz frequency bands, respectively. Also, the ECLA is surrounded by a biocompatible insulation layer of 1 mm thickness with a relative dielectric constant of 2.07 and low loss. As the first example, a one-layer model with dimensions of 200× 50× 50 mm 3 , which can simulate a human arm, has been used where the ECLA is located at the center of the model. This model has electrical properties of muscle and skin tissue at the allowed frequency bands shown in Table 1 [15]. The three-layer model consists of muscle with thickness of 35 mm, fat with thickness of 5 mm and skin with thickness of 2.5 mm. This model is shown in Figure 2 .
The computed scattering parameters (S 11 ) of ECLAs at the allowed frequency bands are shown in Figure 3 . The radiation characteristics (−3 dB bandwidth, 1 g averaged SAR for 1 W input power and maximum allowed input power) of ECLAs inside the human body models are shown in Table 2 . Based on these results, as the frequency increases, ECLA dimensions decrease, −3 dB bandwidth increases and the value of SAR increases. Also, the ECLA is less sensitive to the detuning effect due to the electrical properties of human body tissues. According to the FCC and ERC, the maximum limits for SAR averaged over 1 g and 10 g of tissue mass are 1.6 W/kg and 2 W/kg, respectively [16, 17] . Due to the SAR limitation, the maximum allowed input power to the antenna decreases as the frequency increases. 
EFFECT OF FREQUENCY BAND ON PL
Electrical properties of human body tissues are functions of frequency, time, emotional mode, and diet. This fact makes the propagation phenomenon even more sophisticated for implanted antennas. The effect of increasing distance at three different frequency bands in one-layer and three-layer models is studied using HFSS and the results are shown in Figure 4 . It is worth mentioning that these computed path losses include the antenna loss and mismatch loss as well. The magnitude of electric field intensity and real part of the Poynting vector inside a one-layer model at the allowed frequency bands at distance 100 mm between ECLAs are shown in Figures 5 and 6 , respectively. For a point source in a homogeneous lossy medium there is an exponential decay in addition to the spherical expansion factor, 1/r. Although the human body is not a homogeneous medium, the short distance line-of-sight (LOS) path experiences an exponential decay which can be seen in Figure 4 . Although the loss mechanism for small antennas is more sophisticated than a point source due to the near-field behavior of small antennas [12] , the exponential decay is an essential component of propagation loss. Away from the transmitting antenna, an interesting phenomenon arises; our computation shows that energy reenters the body from different directions, especially at MICS band, which may be the dominant communication link at larger distances. Basically, the LOS link may not be the dominant propagation channel at a distance far away from the antenna. The energy exits the body, travels around the body and gradually enters the body from the surface ( Figure 5 ). This effect is more prominent at the MICS frequency band. This makes the MICS band a suitable frequency band for inter and intra-body communication applications. Therefore, in the remaining parts of this paper, PL will be explained in detail inside the human body at MICS band.
EFFECT OF HUMAN BODY MODEL ON PL
To study the effects of human body model on PL, a one-layer human body model with different electric properties and antenna locations will be investigated at the MICS frequency band using HFSS.
Effect of Model Electric Properties
A block of dimensions 200 × 50 × 50 mm 3 with different electric properties is used to study the variations of PL due to tissue properties inside the human arm at MICS frequency band. As the first scenario, PL at different distances between transmitter and receiver is computed for the arm model with ε r = 53. 8 and different values of σ and the results are shown in Figure 7 . These results show that the conductivity of tissues affect the PL significantly. Some approximate behavior can be concluded due to the results presented in Figure 7 as a quasilinear relationship between conductivity and the insertion loss in dB scale. The second scenario is setup to study the effect of ε r on PL. The same arm model is filled out with a material with σ = 1.18 and various ε r and the PL is computed for different distances between transmitter and receiver. The simulation results presented in Figure 8 show that ε r does not affect the PL significantly. Also, it can be seen from Figure 7 that at some particular distance between Transmitting (Tx) and Receiving (Rx) antennas, for each value of σ, the PL curve versus distance reaches a breaking point and after that the curve shows different behavior. Based on the previous discussion, the breaking point happens at the distance where the LOS link is not the dominant propagation link and the field impinging the body from the side takes the dominant effect. Therefore, the propagation mechanism changes and the curve shows different behavior.
Our simulation results agree with the theoretical results for wave propagation inside a lossy medium [18] . For plane wave propagation inside a lossy medium, PL in dB scale is linearly proportional to the attenuation coefficient α. PL inside one-layer muscle equivalent human body model with different ECLA locations.
Effect of Antenna Position on PL
The propagation mechanism inside human body is a function of the position of the implant in the body and its distance from the surface. In this part, the effect of antenna position inside the human body model on PL will be investigated using HFSS, as shown in Figure 9 . A muscle equivalent model with dimensions 300 × 100 × 100 mm 3 , as a simple model for part of human leg, is used and the distance of the ECLA from the center of the model will vary from s = 0 mm (ECLAs are located at the center of the model) to s = 65 mm (ECLAs are located 15 mm above the leg model in free space). The ECLA is tuned to resonate at MICS band using the feeding head and distributed capacitor dimensions for all different scenarios. PL inside the leg model at the MICS band with different antenna heights is shown in Figure 10 .
Based on these results, at s = 55 mm and s = 65 mm where the ECLAs are located in free space, PL is nearly the same and so the human body has a negligible effect on PL. At s = 45 mm, where ECLAs are located 5 mm below the surface of the model, PL increases around 10 dB above that of free space. As the ECLAs' location moves deeper inside the human body, PL increases and shows some peaks due to the multipath fading of the signal. The wave exits the body, travels around the body and reenters the body from another direction, which forms a standing wave pattern inside the human body model.
PL INSIDE SIMPLE HUMAN BODY MODEL
To find an approximate value for PL inside the human body a simple human body model is used as shown in Figure 11 . Nine ECLAs are placed inside the model at different locations. The scattering matrix (S) between all nine ECLAs is shown in (2) , and the magnitude of electric field and real part of the Poynting vector are shown in Figure 12 . One can see from these figures that the spherical wave radiated from the transmitting antenna decays rapidly by distance. Far from the transmitting antenna, the communication channel is through the wave which excites the body and travels around the body and reenter at each point of the body. The maximum computed loss through this model is 135 dB. 
PL INSIDE EXACT HUMAN BODY MODEL
The simple model used in the previous section is replaced with a more realistic model to compute the PL more accurately. Practical WBAN channel model is investigated using Remcom's XFDTD 7 (XF7) simulation software, in which a model of the human body is created, consisting of 39 human tissues. The transmitting (Tx) antenna is an ECLA with dimensions 20 × 20 × 5 mm 3 and it is located 2 mm above the skin on the chest. All the Receiving (Rx1 : Rx5) antennas are ECLAs with dimensions 5 × 5 × 3 mm 3 and are installed at different locations inside the human body as shown in Figure 13 . An ECLA with dimensions 10 × 10 × 3 mm 3 (Rx6) is placed inside the human body, aligned with the transmitter, at 12 cm distance as well. Transmitting and receiving ECLAs are tuned to have a resonant frequency at the MICS band as shown in Figure 14 . Table 3 shows PL between the transmitting and receiving antennas with different distances between ECLAs. From these results, maximum PL between the external transmitting and implanted receiving antennas at different locations inside the human body is about 90 dB. Also, antenna size reduction from 10 × 10 × 3 mm 3 to 5 × 5 × 3 mm 3 increases PL by 5 dB. Figure 16 . The resonance frequency of the two ECLAs is changed due to the lumped capacitor value (29 pF in simulation and 20 pF in experimental works). PL between the two ECLAs obtained using both HFSS and experimental work is shown in Figure 17 . From this figure, we see that the experimental and simulation results have a good agreement, with small differences due to measurement error. Comparing these experimental results with those in Table 3 , we see that they are approximately the same. At a distance of 12 cm, simulations showed PL in the body to be 45 dB, and our measured PL in the ground pork model is 42 dB. Thus, the simulation work described in the paper is validated by experimental work.
EXPERIMENTAL WORKS

CONCLUSION
Intra-body propagation channel inside the human body model was investigated using ECLAs, specifically in terms of PL which includes antenna loss, near-field loss, and path loss. In the beginning, the performance of ECLAs inside the human body models at the allowed frequency bands was investigated. It was found that as the frequency increase the allowed input power to the antenna decreases due to the higher thermal loss. The effects of certain parameters, namely operating frequency, antenna location, and human body parameters on PL were investigated. It was found that the MICS band is the most suitable band for a propagation channel inside the human body model. Based on this study, the maximum PL inside the human body is about 90 dB at MICS band for an antenna size of 20 × 20 × 5 mm 3 as the external transmitting antenna and 5 × 5 × 3 mm 3 as the implanted receiving antenna.
